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Two Push–Pull Channels Enhance the Dinitrogen Activation by
Borylene Compounds
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Abstract: Recently, Braunschweig et al. found that borylene
(CAAC)DurB, in which CAAC is a cyclic alkyl(amino) carbene
and Dur refers to 2,3,5,6-tetramethylphenyl, can bind and ac-
tivate N2, and the resulting [(CAAC)DurB]2N2 is of a bent
BNNB core. The N2 ligand in transition metal complexes is
generally linear, so herein, the bonding nature of both termi-
nal end-on and end-on bridging borylene-N2 complexes is
investigated with valence bond (VB) theory. In the terminal
end-on (CAAC)HBN2 the bonding follows the mechanism in
transition metals with a s donation and a p back-donation,
but in the end-on bridging borylene-N2 complex, the s don-
ation comes from the p orbitals of N2, and thus, there are
two opposite and perpendicular push–pull channels. It is the
push–pull interaction that governs the enhanced activation
of N2 and the BNNB bent geometry. It is expected that the
substituents bonded to B can modulate the bent angle and
the strength of the push–pull interaction. Indeed, (CAAC)FB
exhibits enhanced catalytic capacity for the activation of N2.
Introduction
Dinitrogen (N2) is composed of two nitrogen atoms with a
triple covalent bond, which makes the molecule highly inert.
Both biological nitrogen fixation[1] and the industrial Haber–
Bosch process[2] are based on the binding of N2 to transition
metal centers, in which the versatile d orbitals offer a way to
overcome the intrinsic inertness of N2 by taking the electron
density away from and/or back-donating the electron density
to N2 (Figure 1 a). Hundreds of transition metal–N2 complexes
have been synthesized so far. However, owing to the scarcity,
high cost, toxicity, and environmental issues associated with
transition metals, main-group metallomimetics has been re-
garded as an attractive alternative. Of particular promise are
boron-based molecules, which can activate small molecules
and cleave stable covalent bonds.[3] Maier et al.[4] synthesized
the N2 adduct of borabenzene and Jin et al.
[5] observed
B3(N2)3
+ in the gas phase, which is stabilized through dative
bonds by N2. Similar N2 fixation to unstable borylenes under
matrix conditions was also detected by Edel et al.[6] In all these
instances, N2 is coordinated in the terminal end-on mode with
a nearly linear BNN alignment.
Notably, Braunschweig and co-workers found that two bory-
lene units (CAAC)DurB, in which CAAC = 1-(2,6-diisopropyl-
phenyl)-3,3,5,5-tetramethylpyrrolidin-2-ylidene and Dur =
2,3,5,6-tetramethylphenyl, can bind to N2 with a bent BNN
B core.[7] In analogy with the complexation of N2 to transition
metals, this compound is interpreted with a s donation and a
p back-donation (Figure 1 b). Recent experiments further con-
Figure 1. Bonding patterns of N2 with a) a transition metal M, b) borylene,
c) a transition-metal frustrated Lewis pair (TMFLP), and d) a frustrated Lewis
pair (FLP). Adapted from reference [12] .
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firmed that decorating a single B atom onto a metal-free sub-
strate such as graphitic carbon nitride,[8] graphene,[9] or hexag-
onal boron nitride[10] could help achieve metal-free N2 fixation
through the “acceptance–donation” of electrons. However, be-
cause the end-on bridging dinitrogen ligand in transition
metal complexes is generally linear,[11] the bent form of BN
NB in [(CAAC)DurB]2N2 is intriguing. Lgar et al. recognized
the participation of up to two orthogonal d orbitals of a transi-
tion metal with the antibonding orbitals of N2 critical to the
linear geometry, yet there is only one symmetry-compatible p
orbital in [(CAAC)DurB]2N2.
[3, 7a] Ruddy et al. ascribed the bent
structure to the absence of d-orbitals in boron,[12] but they re-
lated the bonding pattern to frustrated Lewis pairs (FLPs)[13]
and identified the dual roles of boron through both “push”
and “pull” types of interactions with N2. In fact, such bent
angles have been reported previously in N2-ligand-bridged B
NNM units (M = transition metal or carbene).[14] Hiroshige
et al.[14a] and Fryzuk et al.[14b] showed the boration of ligating
dinitrogen in W and Ta complexes, in which the NNM link-
age is nearly linear but the BNN is bent. The push–pull hy-
pothesis (Figure 1 c) in which electron density is “pushed” from
a reduced iron center to the p orbital(s) of N2 and then
“pulled” by adjacent Lewis acidic sites is attractive for under-
standing the N2 activation in nitrogenases.
[1a, 15] To evaluate its
generality, Geri et al.[14c] conducted a systematic study of Lewis
acid B(C6F5)3-augmented N2 activation in an Fe–N2 unit in
which the bent geometry of BNN is considered to be stabi-
lized by the accumulation of electron density in the p* orbital
of N2. Simonneau et al. classified the Group 6 metal analogues
as transition-metal frustrated Lewis pairs (TMFLPs)[16]-type acti-
vation of N2,
[14d] and Tang et al.[14e,f] showed the first diazome-
thane-B(C6F5)3 adduct, which features a bent BNN unit and
is related to metal-free FLP–N2 capture (Figure 1 d).
As the boron in borylene is characterized with both a lone
pair of electrons and a vacant orbital, borylene can play dual
roles as a Lewis base and a Lewis acid, foreshadowing its possi-
bility of behaving as FLPs. However, we note that Figure 1 is
inaccurate in two aspects. One is the insignificant role of the s
donation in the activation of N2 as the s orbital is largely the
nitrogen lone pair. The other is the “push” effect, which should
not result from the electron transfer from transition metals or
borylenes to the p* antibonding orbital of N2 as shown in Fig-
ure 1 c. Rather, the “push” effect comes from the Pauli repul-
sion between the occupied orbitals, which we coined as a kind
of intramolecular strain.[17] As a consequence, the subsequent
“pull” effect occurs from the polarized p orbital of N2 to Lewis
acids, reducing the p electron density in N2 and eventually ac-
tivating N2.
In this work, we use the block localized wavefunction (BLW)
method,[18] a variant of ab initio valence bond (VB) theory,[19] to
study the activation of N2 by two borylenes in [(CAAC)DurB]2N2
and elucidate the nature of the p back-donation and the hypo-
thetical push–pull effect and uncover the origin of the nonlin-
ear BNNB core therein. The activation of N2 may come
from two interactions: the p back-donation, which adds elec-
tron density to the p* antibonding orbitals of N2; and the
“pull” effect, which removes electron density from the p bond-
ing orbitals of N2. Both interactions effectively reduce the bond
order of N2. The uniqueness of the BLW method lies in its capa-
bility for deriving strictly localized electronic states self-consis-
tently, and thus, critically evaluating the donation/back-dona-
tion and the push and pull effects. Our study shows that the
pull effect is more important and effective than the back-dona-
tion effect in [(CAAC)DurB]2N2.
Results and Discussion
Terminal end-on borylene–N2 complex (CAAC)HBN2 with a
linear BNN core
We first examined the interaction between one borylene and
N2 in the formation of the terminal end-on borylene–N2 com-
plex with a linear BNN unit. Complex (CAAC)HBN2 was opti-
mized at the M06-2X-D3/6-311 + G(d) level and is shown in Fig-
ure 2 a. As observed in borabenzene adducts with N2,
[4] the
BNN core (CAAC)HBN2 is linear, and the NN bond (1.117 ) is
slightly stretched and weakened compared with free N2
(1.090 ). The important information from this computation is
that the combined s donation and p back-donation as illus-
trated in Figure 1 b is far from enough to activate N2 effectively.
Further quantitative information regarding the nature of the
interaction between (CAAC)HB and N2 can be derived from the
BLW-EDA. Table 1 lists the energy components contributing to
the binding in the complex (CAAC)HBN2.
Table 1 shows that the binding energy in (CAAC)HBN2
(25.8 kcal mol1) is moderate and close to the heat of forma-
tion of borabenzene–N2 (19.2 kcal mol1),[4b] but the deforma-
tion energy (27.1 kcal mol1) is largely from the structural
changes of (CAAC)HB because its optimal geometry has a
nearly linear CBH linkage, which is bent (deformed) in the
binding process with N2. The high and positive value of DEsteric
Figure 2. Optimized geometries of a) terminal end-on (CAAC)HBN2, b) con-
strained linear end-on bridging [(CAAC)HB]2N2, and c) nonlinear end-on
bridging [(CAAC)HB]2N2 at the regular DFT level.
Table 1. Computed energy components (kcal mol1) at the M06-2X-D3/6-
311 + G(d) level with the BLW-ED approach.
Complex DEb DEdef DEint DEsteric DEpol DECT DEdisp
(CAAC)HBN2 25.8 27.1 52.9 76.5 49.2 80.1 0.1
linear-[(CAAC)HB]2N2 65.2 71.3 136.4 183.3 106.8 212.5 0.5
[(CAAC)HB]2N2 69.6 109.2 178.8 256.7 108.0 327.1 0.4
[(CAAC)FB]2N2 72.0 163.3 235.3 275.1 103.4 406.6 0.4
[(CAAC)H2BB]2N2 39.1 57.2 97.0 189.2 80.0 205.5 0.6
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is not surprising as it is a combination of both the Pauli repul-
sion and electrostatic interaction. To explore the role of elec-
trostatics in the binding between (CAAC)HB and N2, we exam-
ined the electrostatic potential (ESP) maps of both optimal and
deformed (CAAC)HB and N2, as shown in Figure 3. There is a
maximum (positive) electrostatic potential point around B and
a minimum (negative) point at the end of N2 with different
signs, suggesting the favorable electrostatic attraction. The
value of electrostatic potential in the deformed (CAAC)HB
(71.1 kcal mol1) is much larger than that in the optimal mono-
mer (29.7 kcal mol1), allowing the enhanced electrostatic at-
traction between the deformed borylene and N2 to offset the
deformation penalty. The interaction energy (DEint) between
the deformed (CAAC)HB and N2 would be 52.9 kcal mol1.
BLW-ED analyses also show that the polarization and charge-
transfer components play the most important roles. The very
high charge-transfer energy confirms the covalent bonding
nature for the BN linkage, which is otherwise unclear from
the overall binding energy. Figure 4 shows the electron density
difference (EDD) maps between an electron-delocalized state
(from regular DFT) and its corresponding electron-localized
state (from BLW), in which the orange and cyan colors corre-
spond to the gain and loss of electron density, respectively.
As shown in Figure 4 1a, the p electron density between the
carbon of CAAC and boron is greatly reduced and the s elec-
tron density between boron and N2 is increased, in accord
with the bonding picture illustrated in Figure 1 a. To probe the
s and p pathways individually, we delocalized either s or p
electrons individually (i.e. , the p or s electrons were strictly lo-
calized on the monomers borylene and N2) in BLW computa-
tions. Similar to the complex of borabenzene–N2, the bonding
between borylene and N2 involves s donation from N2 to bory-
lene (Figure 4 1b) and p back-donation from borylene to N2
(Figure 4 1c). From the perspective of energetics, the electron
transfers along the s and p pathways stabilize the complex
(CAAC)HBN2 by 43.2 and 39.2 kcal mol1, respectively, and
the sum (82.4 kcal mol1) is close to the total electron transfer
energy (DECT =80.1 kcal mol1 in Table 1). To determine fur-
ther the precise roles of s donation and p back-donation, we
performed BLW geometry optimizations with only one of the
electron transfer pathways allowed, and compiled the major
results in Table 2. If only s charge transfer (donation) is al-
lowed, the two moieties (CAAC)HB and N2 are weakly bound
with the NN triple bond little changed. However, if only p
charge transfer is allowed, the NN bond is elongated by
0.011  and slightly weakened. We note that in both partial
BLW computations, the BN bond lengths (1.749 and 1.659 )
are much longer than the value (1.442 ) if both charge trans-
fers are allowed, suggesting that the cooperativity between s
and p pathways is important to the N2 activation in
(CAAC)HBN2. If we perform constrained BLW (cBLW) geometry
optimizations with the BN bond distance fixed at 1.442 ,
however, the results clearly show that the s donation is only
responsible for the association of (CAAC)HB with N2, and in
fact, the NN bond length is even slightly shortened, though
the Wiberg bond index (WBI) indicates the insignificant reduc-
tion of the bond order. Thus, it is the p back-donation that is
solely responsible for the activation of N2 in the terminal end-on
borylene-N2 complex.
Figure 3. Electrostatic potentials (in kcal mol1) on the 0.001 a.u. electron
density surfaces of a) optimized borylene, b) deformed borylene, and c) N2 in
the complex (CAAC)HBN2 computed at the M06-2X-D3/6-311 + G(d) level.
Color ranges: red (>20.00), yellow (0–20.00), green (20.00–0.00), blue
(<20.00).
Figure 4. Electron density difference (EDD) maps showing the total electron
transfer (a), s donation (b), and p back-donation (c) in (CAAC)HBN2 (1) and
[(CAAC)HB]2N2 (2) (isovalue = 0.004 a.u.).
Table 2. Optimized geometries of (CAAC)HBN2 with different BLW
schemes.
Species Scheme rNN [] rBN [] WBI (NN)
N2 DFT 1.090 – 3.03
(CAAC)HBN2
DFT 1.117 1.442 2.55
BLW 1.090 3.365 3.03
BLW(s)[a] 1.086 1.749 2.99
BLW(p)[b] 1.101 1.658 2.78
cBLW(s)[c] 1.066 1.442 (fixed) 2.93
cBLW(p)[d] 1.112 1.442 (fixed) 2.62
[a] Only the s charge transfer allowed. [b] Only the p charge transfer al-
lowed. [c] Constrained BLW optimization with rBN fixed at 1.442  and
only the s charge transfer allowed. [d] Constrained BLW optimization
with rBN fixed at 1.442  and only the p charge transfer allowed.
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Terminal end-on borylene–N2 complex[(CAAC)HB]2N2 of a
linear BNNB unit
Considering there are two degenerate yet perpendicular p* an-
tibonding orbitals of N2, we would expect that two borylenes
approaching N2 from two terminal ends with mutual perpen-
dicular orientations could double the activation of N2. Con-
strained geometry optimization of linear [(CAAC)HB]2N2 at the
M06-2X-D3/6-311 + G(d) level showed that the NN bond is
indeed further stretched from 1.117  in the optimal
(CAAC)HBN2 to 1.163  (see Table 3), and the binding energy
reaches 65.2 kcal mol1, which is more than double the bind-
ing energy (25.8 kcal mol1) in (CAAC)HBN2. This indicates a
considerable coupling effect between the two routes of s don-
ation/p back-donation charge transfers in opposite directions
(see Figure 1 b), and the very high charge-transfer stabilization
energy (212.5 kcal mol1) confirms the significant covalency
in the BN bonds. For comparison, ammonia borane (H3NBH3),
the icon for the s dative bond, has a charge-transfer energy of
only 32.2 kcal mol1 at the same theoretical level.
End-on bridging borylene–N2 complex [(CAAC)HB]2N2
The above linear structure of [(CAAC)HB]2N2 is, however, not a
minimum in the energy surface. If another borylene is brought
in, the collinearity of BNN is disrupted, though both CAAC
rings remain nearly perpendicular to each other, as shown in
Figure 2 c. Table 3 compiles the major structural parameters for
the optimal structure of [(CAAC)HB]2N2, in which the NN
bond is elongated to 1.246 . This value is not only very close
to the experimental result (1.248 ), but also much larger than
that in the linear complex, implying a different mechanism for
the N2 activation, which is also verified by its Wiberg bond
index (WBI). Interestingly, the binding energy in the optimal
structure (69.7 kcal mol1) is only 4.4 kcal mol1 more than
that in the linear arrangement (65.2 kcal mol1). However, this
similarity in the binding energy between the two structures is
deceptive and does not reflect the true huge differences in
their bonding nature as elucidated by the BLW-EDA results
(see Table 1). We also note that the bending of the BNNB
core has no steric origin, as further simplified models
[(CO)HB]2N2 and [(NH3)HB]2N2 exhibit similar bent BNNB
cores (see Figure S1, Supporting Information).
To allow for the differentiation of the s and p interactions,
we constrained two CAAC rings to be strictly perpendicular to
each other. This constraint requires a deformation penalty of
only 0.1 kcal mol1, and the binding energy of borylene and N2
is negligibly reduced to 69.6 kcal mol1. Consistent with the
remarkable elongation of the NN bond, the deformation
energy (DEdef) in [(CAAC)HB]2N2 is four times higher and the in-
teraction energy (DEint) three times higher than the values in
(CAAC)HBN2. EDA data also show that both the polarization
and charge-transfer interactions are very significant for the
bonding in [(CAAC)HB]2N2. The verticality between two
(CAAC)HB moieties leads to their HOMO p orbitals symmetri-
cally matching the two degenerate p* antibonding orbitals of
N2, respectively, and thus paves two pathways for p back-don-
ations. To prove and quantify them, we partition the molecule
N2 to three blocks, including s orbitals, one p? orbital (vertical
to the left borylene ring), and one pk orbital (in the same
plane as the left borylene ring) in BLW computations. Figure 5
shows the “in situ” orbital interactions between the HOMO p?
(or pk) of one (CAAC)HB and p?* (or pk*) of N2. Unlike the
usual orbital interaction diagrams, which plot the correlations
of an optimal complex with its separated, noninteracting
monomers, the present “in situ” diagram shows the frontier or-
bital energy changes from a block-localized (BLW) state to the
delocalized (MO) state and highlights the orbital interactions
upon putting monomers together without electron transfers.
In other words, the field effect from the other monomer on
the orbital energies of one monomer, which is unavailable in
usual orbital correlation diagrams, has been considered. If
(CAAC)HB and N2 are at their optimal and isolated states, the
energy gap between the HOMO p orbitals of (CAAC)HB and
the p* orbitals of N2 is 6.64 eV. But if these monomers are put
together, the gap is greatly reduced to 0.96 eV and 0.84 eV,
highlighting the influence of the electrostatic field from bond-
ing partners on the orbital energy levels of any monomer. As
shown in Figure 5, the interaction between p* orbitals of N2
and p orbitals of (CAAC)HB leads to the delocalization and sta-
bilization of HOMOs by 0.35 eV and 0.52 eV. Energetically, if
both p back-donation pathways are allowed, this compound is
Figure 5. In situ orbital interaction diagram for the LUMOs p?*/pk* of N2
(left) and the HOMOs p?/pk of (CAAC)HB monomers (right).
Table 3. Major geometry parameters and Wiberg bond indices (WBIs) for
complexes of [(CAAC)RB]2N2 (R = H, F, BH2).
Structure ffNNB [8] ffBNNB [8] rNN [] WBI (NN)
[(CAAC)HB]2N2 (full opt) 133.0/134.9 94.7 1.246 1.50
linear-[(CAAC)HB]2N2 180.0 90.0
[c] 1.163 1.91
[(CAAC)HB]2N2 (BLW1)
[a] 179.7/179.8 92.5[c] 1.125 2.31
[(CAAC)HB]2N2 (BLW2)
[b] 179.6/131.4 94.3[c] 1.119 2.52
[(CAAC)FB]2N2 (full opt) 126.8/128.9 101.6 1.300 1.32
[(CAAC)H2BB]2N2 (full opt) 154.1/158.1 91.8 1.158 2.11
[a] Geometry optimization with only the push effect allowed. [b] Geome-
try optimization with the delocalization between only one of borylenes
to N2 allowed. [c] The dihedral angle is for ffCBBC.
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stabilized by 186.4 kcal mol1. Therefore, the p pathways are
responsible for a little more than half of the overall charge-
transfer energy DECT (327.1 kcal mol1 in Table 1).
It should be noted that the assignments of s and p symme-
tries above are valid only locally as there is no symmetry plane
for the whole complex. In fact, according to the molecular or-
bitals (shown in Figure S2, Supporting Information), both s
and p orbitals of N2 can interact with the unoccupied s* orbi-
tals in borylenes to realize the s donation effect as the bory-
lene rings are bent toward NN and the bond angles ffNNB =
132–1358. Thus, the s and pk orbitals of N2 are symmetrically
consistent with the s orbitals of the left borylene, whereas the
s and p? orbitals of N2 are symmetrically consistent with the s
orbitals of the right borylene. To uncover the contributions of
the p orbitals of N2 to this s donation effect, we can individual-
ly estimate the electron delocalization from the pk orbital of
N2 to the left borylene and from the p? orbital of N2 to the
right borylene. Interestingly, the electron transfer in this way
stabilizes the complex by 100.6 kcal mol1, which essentially re-
flects the change from the linear to the bent BNNB core
(see the difference of 114.6 kcal mol1 between DECT in the op-
timal and linear [(CAAC)HB]2N2 in Table 1). Thus, the N2 activa-
tion in [(CAAC)HB]2N2 comes from two routes. First, the p* anti-
bonding orbitals of N2 can accept donations from the occupied
p orbitals of borylenes (acting as Lewis bases). Secondly, the p
electrons of N2 can move (be pulled) to the s* antibonding or-
bitals of borylenes (acting as Lewis acids). This significant
push–pull effect[14c] can be illustrated with the orbital interac-
tion diagram as shown in Figure 6. The occupied orbital fLB of
a Lewis base can interact with both the p bonding orbital
(push) and the p* antibonding orbital (back-donation), leading
to a HOMO p’ if the other Lewis acid is not considered. If the
other Lewis acid approaches, the HOMO p’ interacts with the
unoccupied orbital fLA * of the Lewis acid and eventually re-
sults in the HOMO p’’. In these successive interactions, the NN
bond order gradually decreases and the bond is eventually
weakened. In brief, the push effect not only polarizes the p or-
bitals but also populates the p* orbitals of N2, whereas the pull
effect reduces the p electron density on N2, and both push
and pull interactions collectively weaken the NN bond and
reduce the NN bond order.
The double s and p bonds between (CAAC)HB and N2 can
also be verified by NBO analysis.[20] In agreement with the sig-
nificant charge-transfer interactions from the above BLW-ED
analysis, NBO analysis reveals one s bond and one p bond be-
tween each pair of boron and nitrogen atoms at the optimal
structure of [(CAAC)HB]2N2. Figure 7 a plots one set of BN
bond orbitals with compositions between the left (CAAC)HB
monomer and N2. If we stretch the BN bonds to 2.00 , the
bonding between (CAAC)HB and N2 would be largely lost and
the two bond orbitals would be reduced to lone pairs on
boron (Figure 7 b, left) and on nitrogen (Figure 7 b, right), re-
spectively. The evolutions from Figure 7 b to Figure 7 a
thus confirm the s donation from lone pairs of N2 and p back-
donation from p orbitals of (CAAC)HB components in
[(CAAC)HB]2N2.
Owing to the dual roles of boron in borylene as both a
Lewis acid and a Lewis base, in [(CAAC)HB]2N2 there are two
push–pull channels. This is very different from TMFLP/FLP-N2
complexes in which there is only one push–pull channel. The
significance of the push–pull effect can be scrutinized further
by geometry optimizations using the BLW method. If only the
push effect between borylenes and N2 is allowed, the BNN
B core is close to a linear arrangement and the NN bond is
stretched by only 0.035  (see BLW1 in Table 3) compared with
free N2. However, if only the delocalization between one of the
borylenes and N2 is activated, there is weak van der Waals at-
traction between another borylene and N2 with a NN bond
length of 1.119  and ffNNB similar to that in (CAAC)HBN2 (see
BLW2 in Table 3). Clearly, the push–pull effect in these two BLW
computations of [(CAAC)HB]2N2 has been excluded. On the
basis of the above computations and analyses, we can con-
clude that it is the push–pull effect that is critical to the bent
BNNB geometry and the activation of N2. Figure 4 2b
shows the electron transfer (pull effect) from the p orbitals of
N2 to the s orbitals of borylenes, which mainly occurs between
the B and N atoms, whereas Figure 4 2c corresponds to the p
back-donation, which is slightly delocalized and occurs be-
tween the BC bond in CAAC rings and the N atoms. Again, it
is worth noting that the bonding mode in the end-on bridging
borylene-N2 complex is different from that in the terminal end-
on borylene-N2 complex because it is the p orbitals of N2 in
the former but the s orbitals of N2 in the latter that dominate
the s donation. The EDD map (Figure S3, Supporting Informa-
tion) also shows that there is no push–pull effect, and the
bonding nature in the terminal end-on borylene-N2 complex
Figure 6. Push–pull effects in the end-on bridging borylene-N2 complex.
Figure 7. NBOs along with the compositions between B and N atoms in
a) the optimal [(CAAC)HB]2N2 structure and b) with the BN bonds stretched
to 2.00 .
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[(CAAC)HB]2N2 is the same as that in (CAAC)HBN2, in which the
s donation results from the electron transfer from the s orbital
of N2 and essentially acts as a glue between N2 and CAAC
rings and does not participate in the activation of N2.
Will the end-on bridging borylene-N2 complexes evolve to
the linear BNNB arrangement with the alternation of the
push–pull effect? To answer this question, we replaced the H
atom bonded to B with different substituent groups such as F
or BH2, which have very different impacts. A fluorine atom acts
as a p electron donator as well as s electron acceptor, and
thus, can enhance the push–pull effect. In contrast, the elec-
tron deficiency of BH2 diminishes the push effect. Upon the
substitution of H with F, the computations (see Table 3) show
that the NN bond is notably elongated to 1.300  with the
angle ffNNB slightly decreased and the NN bond order re-
duced. Upon replacing the H atom with the functional group
BH2, however, the NN bond length is notably shortened to
1.158 , close to the value in the linear [(CAAC)HB]2N2, and the
angle ffNNB is remarkably flattened.
Conclusions
By using the BLW method, which can disable selected electron
transfer pathway(s), we have explored the bonding nature of
both the terminal end-on and end-on bridging borylene-N2
complexes. The electron-deficient nature of boron makes bory-
lene unique, as borylene can play the dual roles of Lewis acid
and Lewis base and ultimately lead to a bent BNNB core in
[(CAAC)DurB]2N2
[7] or its simplified version [(CAAC)HB]2N2 stud-
ied in this work. Similarly to the complexes of transition
metals-N2, the activation of N2 in the terminal end-on
(CAAC)HBN2 can be interpreted with s donation from one s or-
bital of N2 and p back-donation from one p orbital of
(CAAC)HBN2. However, our detailed studies have demonstrated
that the s donation and p back-donation play very different
roles. The s donation assists the binding of (CAAC)HB with N2,
whereas the p back-donation is the sole driving force for the
activation of N2. For end-on bridging borylene-N2 complexes,
however, both the s donation and p back-donation contribute
to the N2 activation, as the s donation mainly comes from the
p orbitals of N2 because of the bending of the ffNNB angle.
Thus, the activation mechanism can be interpreted as the push
effect, which highlights both the p–p repulsion and the p–p*
back-donation from the p electrons of the borylenes to the p/
p* orbitals of N2, and the pull effect, which corresponds to the
electron transfer from the p electron density on N2 to the bor-
ylenes. The combined push–pull effect elongates and weakens
the NN bond and reduces the NN bond order. More impor-
tantly, there are two such push–pull pathways in
[(CAAC)HB]2N2. Clearly, such a push–pull effect is closely corre-
lated with the ffNNB angle, as the NN bond length would be
stretched and the BNNB core would deviate from linear
upon occurrence of the push–pull effect. In other words, the
smaller the ffNNB angle, the more effective the N2 activation.
This can be modulated with the substituent groups (with
either high electronegativity or bulky size) bonded to boron
atoms. Indeed, we have shown that the substitution of hydro-
gen with fluorine in (CAAC)HB can significantly increase its ca-
pability of activating N2, and [(CAAC)FB]2N2 exhibits a much
longer NN bond length and lower bond order than
[(CAAC)HB]2N2.
Computational Section
Unlike molecular orbital (MO) theory, in which all MOs are delocal-
ized and constrained to be orthogonal, valence bond (VB) theory
adopts local and nonorthogonal orbitals to construct electron lo-
calized resonance states.[19, 21] To simplify VB computations and
combine the advantages of MO and VB theories, we proposed the
BLW method,[18] in which a VB function is effectively reduced to a
Slater determinant. In this method, all electrons and primitive basis
functions are partitioned to several (k) subgroups (blocks), and any
orbital f is expanded in only one block, and thus, block-localized.
Orbitals in the same block are constrained to be orthogonal as in
MO theory, but orbitals belonging to different blocks are nonor-
thogonal as in VB theory. The BLW method is useful in the study of
intermolecular and intramolecular interactions as it can decompose
the binding energy into several physically meaningful components.
In its energy decomposition (BLW-ED) approach,[22] the binding
energy between monomers can be decomposed to the structural
deformation energy (DEdef), which corresponds to the energy
change for monomers from their respective free and optimal struc-
tures to the distorted geometries in the optimal structure of the
complex, and the interaction energy between monomers (DEint).
The latter can be further decomposed as shown in Equation (1), in
which DEsteric is the steric energy composed of both electrostatic
and Pauli repulsive interactions, DEpol is the polarization energy
corresponding to the redistribution of electron density within each
monomer owing to the electric fields imposed by other monomers,
DECT is the charge-transfer energy resulting from the penetration
of electrons among monomers with the basis set superposition
error (BSSE) correction,[23] and DEdisp is the difference in Grimme’s
dispersion correction between the whole complex and the sum of
both monomers.
DE int ¼ DEstericþDEpolþDECTþDEdisp ð1Þ
It is noted that electron correlation has been largely incorporated
into density functional theory and DEdisp is only a correction to the
DFT computations. Although enormous energy decomposition
analysis (EDA) methods such as GKS-EDA,[24] EDA-NOCV,[25] and
SAPT[26] have been developed and widely applied, here the BLW-
ED[22] is chosen because of its advantage that the charge-transfer
interaction between interacting moieties can be strictly deactivated
with optimal geometries and properties derived. In other words,
the electron flow among different orbitals can be measured quan-
titatively in terms of geometry, energetics, and spectral properties.
In this work, the interaction between borylenes and N2 was ana-
lyzed by defining borylenes and the s and p orbitals in N2 as sepa-
rated blocks.
Because the focus was on the nature of N2 activation by borylenes,
the substituents in CAAC and Dur in borylenes were simplified
with hydrogen atoms to reduce computational costs. The M06-2X
functional,[27] a hybrid meta-generalized gradient-approximation
functional, was chosen in this study. Including the Grimme’s disper-
sion correction, the theoretical level can then be labeled as M06-
2X-D3. All regular DFT calculations and BLW-ED analyses were per-
formed with the 6-311 + G(d) basis set using the in-house version
of the GAMESS software.[28] Molecular electrostatic potentials were
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obtained and depicted using the WFA program developed by
Bulat et al.[29] The NBO calculations were performed with Gaussi-
an 09.[30]
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Two Push–Pull Channels Enhance the
Dinitrogen Activation by Borylene
Compounds
Dinitrogen activation : In [(CAAC)-
DurB]2N2 (CAAC = cyclic alkyl(amino) car-
bene, Dur = 2,3,5,6-tetramethylphenyl,
LA/LB = Lewis acid/base), the s dona-
tion comes from the p orbitals of N2
and thus there are two opposite and
perpendicular push–pull channels,
which govern the enhanced activation
of N2 and the BNNB bent geometry. The
substituents bonded to B can modulate
the BNN angle and the strength of the
push–pull interaction
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